: (A) Firing-rate map of a grid cell. (B)-(F) Different thresholds for the selection of firing fields (B: 5%, C: 10%, D: 15%, E: 20%, F: 25% of the peak firing rate). Too low thresholds led to merged fields, whereas too high values excluded weak fields from the analysis. We hence chose a threshold of 20% for all the analysis in the manuscript. The preliminary fields that were found by this criterion were then extended to 20% of the individual field's peak firing rate. For comparison we note that in hippocampal data, where firing rates are generally higher than in our data and often only a single firing field is present, frequent choices for threshold values are 5% or 10%.
D E F
: (A) Firing-rate map of a grid cell. (B)-(F) Different thresholds for the selection of firing fields (B: 5%, C: 10%, D: 15%, E: 20%, F: 25% of the peak firing rate). Too low thresholds led to merged fields, whereas too high values excluded weak fields from the analysis. We hence chose a threshold of 20% for all the analysis in the manuscript. The preliminary fields that were found by this criterion were then extended to 20% of the individual field's peak firing rate. For comparison we note that in hippocampal data, where firing rates are generally higher than in our data and often only a single firing field is present, frequent choices for threshold values are 5% or 10%. Figure S2 : We tested two additional criteria for the selection of runs: a single run must not be shorter in duration than three theta cycles and the rat must not move slower than 1 cm/s during any time of the field traversal. The distribution of phase precession correlation (A) and slope (B) were affected only marginally; changes were not statistically significant (correlation: Wilcoxon test p=0.10, slope: t-test p=0.07). Figure S3 : Using the same additional restrictions for selecting runs as in Fig. S2 , i.e. runs must not be shorter than three theta cycles and speed is always larger than 1 cm/s, we could reproduce the effects of path length (A) and tortuosity (B). The restrictions reduced the number of runs included in the analysis (in particular those with lower speed), so that the dependence of phase precession slope on eccentricity (C) and running speed (D) did not meet the criterion for statistical significance anymore. Figure S4 : Layer specificity of phase precession for a stricter selection of runs. When the analysis is restricted to runs where the animal did not move slower than 1 cm/s, the results for pooled correlation (C) and single-run correlation (D) are well preserved. Interestingly, the difference in pooled slopes between layers II and III is reduced for the stricter selection of runs (A), whereas the difference in single-run slopes between layers II and III is increased (B). Figure S5 : Throughout the manuscript, only runs with more than four spikes were included in the analysis (here termed control condition). To exclude a strong dependence of the results on this selection criterion, we also estimated phase precession correlation (A) and slope (B) for runs with more than 3, 5, or 6 spikes, respectively. Phase-precession estimates were only mildly affected by these different criteria.
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Slopes restricted to [-50,50] Here we show the dependence of phase precession correlation (left column) and slope (right column) on firing rate using two estimates: the number of spikes divided by run duration (i.e. average firing rate; top row) and the average number of spikes per theta cycle in a run (bottom row). Firing activity and phase-precession correlation were weakly correlated (A and C), whereas slope was not affected by firing rate (B) or average number of spikes per theta cycle (D). Figure S8 : Salient features of the animal's path through a grid field affect the phase-time slope. For the phase-time slope, the path-length effect (A), the tortuosity effect (B) and the eccentricity effect (C) could be reproduced (see Fig. 3 ). (D) The phase-time slope correlated negatively with the speed of the animal -this is expected as there was no or only weak correlation of the phase-position slope with speed ( Fig. 3F ). Figure S11 : Although the DRZ measure can be used to show phase precession in our data, it does not capture the dependence of phase precession on the movement statistics during field traversals. The reason lies in the discontinuity of the measure along peripheral trajectories (i.e. trajectories that do not pass a field's center). For these runs, the absolute values of the measure are always non-zero and the sign inverts instantly when the animal changes from running 'towards' the center to running 'away' from it. This discontinuity distorted the estimate of phase-precession slope and weakened the effects of path length (A), tortuosity (B), or speed (D) on the phase-precession slope (from DRZ). The effect of eccentricity (C) was even inverted. The farther the path lies from the center of the firing field, the shallower the regression line between phase and DRZ became. 2) only a limited amount of data was available. Although the distributions are mostly non-uniform, the vector strength is generally low (black lines), indicating large phase jitter. This might explain why the preferred offsets differ from the preferred phase of the first spike (Fig. 5F) . Figure S18 : (A) -(C) Examples of pooled phase precession with respect to absolute distance along the path. Data represent the same three grid fields as in Figure 2B . Phase precession is also evident with respect to the absolute distance, though normalized distance seems to be the better regressor for theta phase. In the main text, we compared single-run correlation and pooled correlation, both calculated using the absolute distance. (D) reproduces this finding ( Figure 2E ) for pooled correlation that is calculated from the normalized distance. Phase-precession correlation is significantly stronger in single runs than in pooled data from normalized runs (p<10^-10, Mann-Whitney rank test). The red dot indicates medians of pooled correlation and single-run correlation.
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